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A UNIFYING PICTURE OF GAS-PHASE FORMATION AND GROWTH

OF PAH, SOOT, DIAMOND AND GRAPHITE*
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A variety of seemingly different carbon formation processes -- polycyclic aromatic
hydrocarbons and diamond in the interstellar medium, soot in hydrocarbon flames, graphite
and diamond in plasma-assisted-chemical vapor deposition reactors -- may all have closely
related underlying chemical reaction mechanisms. Two distinct mechanisms for gas-phase
carbon growth are discussed. At high temperatures it proceeds via the formation of carbon
clusters. At lower temperatures it follows a polymerization-type kinetic sequence of
chemical reactions of acetylene addition to a radical, and reactivation of the resultant species
through H-abstraction by a hydrogen atom.

INTRODUCTION

Carbonaceous solids -- like amorphous carbon, carbon black, soot and graphite -- are known to be
structurally related materials (refs. 1-3). They are composed of polycyclic aromatic planes. The
arrangement of the planes is what distinguishes these materials: hexagonal crystal lattice in graphite (refs.
2,4) and turbostratic layers of crystallines in soot and carbon blacks (refs. 1,5,6). The turbostratic
structures can be transformed into the graphitic lattice with the increase in temperature (ref. 2). Graphite is
found to be in equilibrium with diamond at very high pressures, 20 to 80 kbar at temperatures from 1000
to 3000 K (refs. 3,7).

All of these materials can be formed in gas-phase processes at near-atmospheric or lower pressures

(refs. 3,5,7-10). It is suggested in this article that the mechanisms of formation and growth under these
conditions are closely related to each other. Furthermore, it is suggested that a similar mechanism may be
responsible for the formation of polycyclic aromatic hydrocarbons (PAH) and diamonds observed in the
interstellar medium (refs. 11-16).

The following discussion is organized in four parts: soot formation in hydrocarbon pyroly.sis and
oxidation, and the chemical reaction mechanism advanced to explain the observed experxmental

phenomena; numerical results for the formation of PAH in carbon-rich circumstellar envelopes; mechanism
of vapor-deposited diamond; and homogeneous nucleation of diamond at near-atmospheric pressures.

* The work was supported in part by NASA-Lewis Research Center and the Office of Naval Research
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SOOTIN HYDROCARBONPYROLYSISAND OXIDATION

Sootproductionin flameenvironmenthaslongbeenafocusof combustionresearchandagreatdeal
of datahavebeenaccumulated.Thepresentknowledgeon theglobalpictureof sootformationcanbe
summarizedas follows (seereferences1,2,5,6,8,17-21for details). High-temperaturegas-phase
reactionsleadto theproductionof two-dimensionalPAH. Theseplanarmoleculesthen"adhere"to each
otherforming multi-layered"sandwiches".The PAH planesin thesethree-dimensionalcrystallinesare
arrangedwithoutanyspecificorder,andthustheyarecalledturbostraticlayers.Thecrystallinescoalesce
forming sphericalparticles, reaching typically an averagediameter of 20 to 40 nm, which then
agglomerateintochain-likeaggregatesof theorderof 1I.tm.In additionto coagulationandagglomeration
thereis alsoparticlegrowthdueto chemicaldeposition(of acetylene)on theparticlesurface,a surface
reaction(refs.22,23). The formationof primary sphericalparticlestakesplaceon thetime scaleof a
millisecondat flametemperatures,about1300to 2000K (ref. 24).

Of particularinterestto thepresentsymposiumaretheresultsobtainedin high-temperaturenear-
atmospherichydrocarbonpyrolysis(refs.25-33),especiallythoseobtainedin shocktubes,i.e. underthe
conditionsfree of transportphenomena. In the initial work, Grahamand co-workers (refs. 25,26)
demonstratedthat undersimilar experimentalconditionsaromaticfuels producemoresoot thannon-
aromaticones.Theyalsoobservedthatsootyield from aromaticfuelsexhibit abell-like dependenceon
temperature,i.e., theamountof sootformedincreaseswith temperature,reachesa maximum(at about
1800K) andthendecreases.Furtherexperimentaldataobtained(refs.32-35)showedthat thebell-like
dependenceof sootyieldon temperatureischaracteristicof all thehydrocarbonfuelsstudied.An example
of suchadependenceobtainedfor sootformationin pyrolysisof acetyleneis shownin figure 1. Thesoot-
yield bell appearedto bea function of reactiontime, initial fuel concentration,pressure,absorption
wavelength,presenceof oxygen,additionof hydrogen,andfuelmolecularstructure:

- With anincreasein reactiontime, thesootbell is shiftedto lower temperatureswith anincreasein
theabsoluteyieldvalues(seefig. 1);

- Higherinitial fuelconcentrations,within therangetested,increasethesootyieldswith aslightshift
to highertemperatures;

- Loweringthetotalpressureshiftsthesootbell to highertemperatureswith anincreasein thebell
width. Theeffectismorepronouncedat lowerpressures;

- With changingthe probebeamwavelengthfrom the visible to the infrared the soot bell, as
determinedbylightabsorption,appearsathighertemperatures;

- The additionof smallamountsof molecularoxygenshifts the sootbell to lower temperatures.
Largeamountsof oxygencompletelysuppresstheformationof soot;

- The addition of molecular hydrogen strongly suppressessoot formation (ref. 36); this is
demonstratedin Fig.2.

At veryhightemperatures,aboveapproximately2500K, sootyieldbeginsto increaseagain,whichcanbe
seenin figures1and2 for thepyrolysisof acetylene.This secondrisein sootyield is thoughtto havea
mechanismdifferentfrom that responsiblefor thesootbell observedat lower temperaturesandwill be
discussedlaterin thetext.

The results obtained in shock-tubeexperiments were interpreted in light of the following
phenomenologicaldescription(refs.32,33). Formationof thefirst aromaticring (e.g.,phenylradicalor
benzenemolecule)is theprocessbottleneckstartingwith a non-aromaticfuel. Oncethearomaticring is
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formed, it reactswith a non-aromaticspecies(e.g., acetylenemoleculeor vinyl radical) initiating a
polymerizationreactionsequenceleadingto theformationof polycyclicaromatichydrocarbons.Starting
with anaromaticfuel, theprocessrateis determinedbytherateof fragmentationof thearomaticring. The
fragmentsformedreactwith theintacttingsthusinitiating thepolymerizationsequenceof PAH. Addition
of oxygenacceleratesfuel pyrolysis,whichresultsin a shift of sootformationto lower temperatures;on
theotherhand,it removesaromaticrings andactive intermediatesby oxidation, thussuppressingsoot
formationathighoxygenconcentrations(ref.34).

Thisphenomenologicaldescriptionwasgenerallysupportedby theresultsof detailedchemicalkinetic
modeling(refs. 36-41). A mechanismof approximatelya thousandelementaryreversiblechemical
reactionswasgeneratedaccordingto thephysicalorganicchemistryprinciples. Theratecoefficientsof
thesereactionswere for the most part estimates. Computerexperimentationwith the composed
mechanismidentifiedtheprincipalreactionpathwaysleadingto theformationof particularstablefused
polycyclic aromatics,like acenaphthalene,pyrene, coronene,etc. -- their formation reactions are
essentiallyirreversibleandhaveaneffect of pulling chainsof reversiblereactions. Hydrogenatoms
reactivatearomaticmoleculesto radicalsby H-abstractionreactions.Theprincipal reactionpathwayfor
PAH growthin acetylenepyrolysis is depictedin figure 3. As canbe seenin this figure, thereaction
pathwayis essentiallya sequenceof alternatingacetyleneadditionsto aromaticradicalsandH-abstractions
byhydrogenatomsfromformingaromaticmolecules.

A detailedanalysisof thecomputationalresultslead us to conclude that it is superequilibrium of
hydrogen atoms which is a driving kinetic force for PAH growth (refs. 37-41). Reactions of class

ArylH + H _ Aryl + H2 (1)

are highly reversible and the net mass flux through them is determined by the degree of superequilibrium
of hydrogen atoms (with respect to the local concentration of molecular hydrogen). 'Thus, the addition of
H2 decreases the degree of superequilibrium and thus suppresses the growth of PAH. This phenomenon
is important for understanding the conditions of PAH growth in the interstellar environment, which is
discussed in the next section.

Acetylene addition, following reaction (1), is also a reversible step and, therefore, thermodynamic
stability of forming intermediates play an important role in PAH growth. Analysis of this factor (ref. 42)
presents arguments against the proposed role of spheroidal carbon clusters in soot particle inception under
the conditions of hydrocarbon combustion and pyrolysis suggested by Smalley and co-workers (ref. 43).

The main effects of the presence of oxygen on the polymeric-type growth of PAH were identified to be
(ref. 39): (a) promotion of fuel decomposition, which has an effect on the initiation of the reaction route to
PAH and soot; (b) additional, rapid production of hydrogen atoms in the initial, small-molecule

branching-chain reactions, which drives their concentration above the equilibrium value and thus enhances
the polymeric growth of PAH; and (c) oxidation of aromatic radicals by molecular oxygen, which
removes them from the polymeric growth process.

An additional factor found to be important in a sooting premixed acetylene flame, i.e. under the

conditions of large temperature and concentration gradients, is diffusion of hydrogen atoms from the hot,
main reaction zone upstream, into a cooler environment, where they add to acetylene molecules,

C2H2 + H --_ C2H3, (2)

thus initiating the formation and growth of PAH (ref. 40).

The reaction pathways to soot in the pyrolysis of individual hydrocarbons other than acetylene were
found to relax to the acetylene-addition mechanism initially identified for high-temperature acetylene
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pyrolysis(ref. 41). Fuelmolecularstructureinfluencesthegrowthprocessonly at its earlystages:first,
by providing more (or less)efficient reactionpartnersfor the formation of aromaticmolecules;and,
second,by affecting the generationof hydrogenatoms. Similar behaviorwas computedfor binary
hydrocarbonmixtures(ref. 36).

PAHIN THE INTERSTELLARMEDIUM

Therehavebeenrecentproposalsthatpreviouslyunidentifiednearinfra-redemissionof theInterstellar
Medium (ISM) originatesfrom vibrationallyexcitedPAH (refs.11-14,44).It is actuallysuggestedthat
PAH maybe themostabundantorganicmoleculespresentin ISM (ref. 45). Thequestion,therefore,is
whetherPAH canbe formed in suchlargequantitiesundertheconditionsof ISM. Applying a general
non-homogeneousnucleationtheory,Keller recentlyarguedtheimportanceof non-equilibriumfactorsfor
thePAHproduction(ref. 46). Theanalysisleadhim to predictthat"A smallnumberof very largePAH's,
containingaconsiderableamountof thecondensablecarbon"shouldbeproduced.

In an attemptto addressthe questionon the groundsof a more rigorous model, Frenklachand
Feigelson(ref. 47) investigatedgas-phasePAH productionunderconditions found in denseC-rich
circumstellarenvelopes,apossibleformationsite,usingtheapproachof detailedkinetic modeling. The
chemicalreactionmechanism,initially developedto describePAH formation in terrestrialflamesand
discussedin theprevioussection,wasusedin the study. Theratecoefficientsweremodified to fit the
rangesof temperatureandpressurein circumstellarenvelopes.Thetemperature,pressureandvelocity
gradientswere drawnfrom a numberof literaturemodelsaswell asa grid of constant-velocity-wind
modelsfor aparametricsensitivitystudy.

Startingwith a mixture of H, H2 andC2H2, the dominant reactionpathwayswere found to be
sequentialacetyleneadditionsandH-abstractions,asin theterrestrialcase.Additionof CO reactionsdid
notresult in anychange. An exampleof thenumericalresultsobtainedfor oneof themoresuccessful
simulationsis givenin figure 4. As canbeseenin this figure, thereis nosignificant PAHproductionat
hightemperatures(above1100K) andits ratepeaksatabout1000K. This temperaturedependencewas
foundto becharacteristicto all conditionstested,thepeakrateappearswithin arangeof 800to 1000K.

The lack of PAH productionat high temperaturesis theresult of high concentrationof H2 in the
mixture;andit doesnotmattermuchwhatinitial ratioof H to H2is assumed-- attheinitial temperatureof
1600to 2000K a partialequilibrium betweenthemis establishedquickly. In otherwords,at thehigh-
temperaturerangeof a circumstellarenvelopethereis nohydrogenatomsuperequilibriumandhence,as
was discussedfor the terrestrial case,there is no PAH production. The appearanceof measurable
quantitiesof PAHcoincideswith thegrowthof H-superequilibrium.

Dueto thelargehydrogenconcentrationin thesystem,both forwardandreversereactionsof (1) are
fastcomparedto theacetyleneadditionreactions.Thelatter,therefore,arethemain "bottleneck"in the
PAH productionpathway. Sincethe rateof eachof theseadditionstepsis proportional to acetylene
concentration,therateof PAH productionbecomesstrongly,morethanlinearly, dependenton theinitial
concentrationof acetylene.Thisdependenceonacetyleneconcentrationcanbegeneralizedto statethatthe
amountof PAH formedin ancircumstellarenvelopeshoulddependon the total amount of hydrocarbons
(or, perhaps, total amount of carbon) present in the wind, since at the initial temperature on the order of

2000 K and the time scale of 108 to 1011 s acetylene is the dominant hydrocarbon species present in the
mixture.

Another parameter to which PAH production showed a large sensitivity is the time gas spends at
temperatures of about 1100 to about 900 K, while expanding. In other words, PAH production is
strongly dependent on wind velocity at the above temperature range and larger amounts of PAH are
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computedfor very slow winds, with velocities below 1 km/s. For conditions tested, however, even those
producing above 1% conversion of acetylene carbon to PAH, the computed average size for PAH
distribution is relatively small. This is in disagreement with the prediction of Keller (ref. 46), but in
accord with the suggestions of Leg6r and d'Hendecourt (ref. 45) and Allamandola, Tielens and Barker
(refs. 44,48). Further details can be found in reference 47.

LOW-PRESSURE VAPOR-DEPOSITED DIAMOND

Synthetic diamond is known to be formed at extremely high pressures -- at such pressures diamond is
the most thermodynamically stable form of carbon (ref. 7). It has been demonstrated in recent years that
diamond (and diamond-like carbon) can be also produced at low, near- or sub-atmospheric, pressures
when diamond is thermodynamically metastable with respect to graphite (refs. 3,7,9,10). Crystalline
diamond is shown to be formed in a number of chemical vapor deposition (CVD) techniques: microwave,
RF, DC, and UV created plasmas as well as using hot-filament thermal reactors. Both thin films and
single crystals can be grown. A variety of initial hydrocarbons were used, however most results have
been reported using methane-hydrogen mixtures. Best quality diamond has been obtained using low
concentrations (below 1%) of methane. A major problem is the formation of graphite, which kinetically
competes with the production of diamond. The details on the apparatus used and the product analysis can
be found in recent reviews, references 7 and 10. The focus of the present discussion is on the mechanism

of diamond growth.

Induced plasma or hot filament "activates" gas and the formed "active" species then nucleate and are
deposited on the substrate surface (refs. 3,9). The question is what are these critical "active" species and
what are the elementary steps responsible for nucleation and surface deposition? Several hypotheses have
been recently advanced. Tsuda et al. (refs. 49,50), based on their quantum computations, proposed a

two-step mechanism assuming CH_ to be the key precursor. In the first step, the (111) plane of the

diamond surface is covered by methyl groups via methylene insertion or hydrogen atom abstraction
followed by methyl radical addition; then, three neighboring groups created on the (111) plane are
spontaneously bound to form the diamond structure following the single attack of a methyl cation and the
subsequent loss of three hydrogen molecules. The problem with this mechanism is that it cannot explain
diamond growth in ion-free environment, whereas such growth has been observed, for example, in hot-
filament apparatus.

Mitsuda et al. (ref. 51) monitored ultraviolet emission spectra during synthesis of diamond in a low-

pressure microwave plasma reactor with a CH4-H2 mixture. These authors noted that "When the spectra
of C2 radicals were too high as compared with those of CH radicals, graphite was mainly formed. So, Cx
radicals were considered to be responsible for the formation of graphite." Similarly, they concluded that
"CHx radicals are related to the diamond formation." However, it is well known that C2 and CH have
extremely high emission efficiencies as compared to those of other radicals and molecules possibly present
in the mixture. In fact, C2 and CH have strongest emission lines in flame spectra (ref. 52), yet it is well
established that these radicals do not play any significant role in flame dynamics since their concentrations
and hence the associated reaction rates are too low. Analogously, since Mitsuda et al. did not determine

the absolute concentrations of species they monitor nor they examine other hydrocarbon species present,
their conclusions may be circumstantial.

Frenklach and Spear (ref. 53) proposed an elementary-reaction mechanism of diamond growth by a
vapor deposition method. The central postulate is that the main monomer growth species is acetylene.
The mechanism basically consists of two alternating steps: surface activation by H-abstraction of a

hydrogen atom from a surface carbon,

263



C(s)-H + H --) C(s)• + H2, (3)

followedby theadditionof acetylene.Duringtheadditionreactioncycleanumberof solidC-Cbondsis
formedandhydrogenatomsmigratefrom alower toanuppersurfacelayer. Thismechanismis in general
agreementwith macroscopicviews developedby the Russianschoolof Derjaguin,Fedoseevandco-
workers(refs.3,9,andcitedin 53)andisconsistentwithmajor,undisputableexperimentalevidence:

a) Independence on starting material - Acetylene is produced rapidly in hydrocarbon plasma and
high-temperature pyrolysis and is the most abundant gaseous hydrocarbon species present in these
harsh environments. Since acetylene is assumed to be the main surface building block, this explains
the independence of the growth process from the nature of the hydrocarbon source.

b) Hydrogen effect - Surface reaction (3) is very much similar to its gas-phase counterpart, reaction
(1), and, hence, in accordance with the discussion of reaction (1), the net rate of reaction (3) should
depend on superequilibrium of hydrogen atoms. The dependence of diamond growth rate on H-
superequilibrium was suggested by the Russian researchers based on their experimental findings
(ref. 9).

c)

d)

Co-existence and competition between diamond and graphite growth - Derjaguin, Fedoseev and
co-workers (refs. 9,54) provide a persuasive argument, based on an extensive experimental base,
that the growth of diamond and graphite and the close competition between the two are controlled by
kinetics. There are two possibilities for the production of graphite along with the growth of
diamond: first, formation of graphite precursors in the gas phase followed by surface deposition and
further growth and, second, initiation and growth directly on the surface. The gas-phase process
would follow the mechanism of PAH formation discussed above. The surface growth of graphite
can be envision to proceed along similar lines, initiated by structural deviations from the epitaxial
growth of diamond (ref. 53). Since the mechanism of diamond growth is also very similar to that
of the gas-phase PAH production, the co-existence of the two carbon forms, diamond and graphite,
and the specific results obtained under different experimental conditions should be determined by
the close kinetic competition between the very similar reaction mechanisms.

Substrate temperature effect - The temperature dependence of the rate of diamond growth exhibits
a maximum; that is, it initially increases with the substrate temperature and then decreases (refs.
9,55). This phenomenon can be explained as follows. At low temperatures, the growth rate is
kinetically limited -- it is controlled by the rate of the H-abstraction, reaction (3), which increases
with temperature. As temperature increases, the superequilibrium of hydrogen atoms and the
thermodynamic stability of the reaction intermediates both decrease, eventually causing a decline in

the growth rate. Graphite formation rates also exhibit a temperature maximum, but at higher
temperatures than that of graphite; so are the soot formation rates. Since the intermediates in the

growth reaction sequences leading to graphite and soot are more thermodynamically stable than
those leading to diamond, the maximum rates of the former should be shifted to higher temperatures
compared to that of the latter, as observed in experiment.

The discussed mechanism can also predict some facts of morphology; this and other details can be found
in Ref. 53.

INTERSTELLAR DIAMOND

Two recent reports presented evidence that the C_5 component of the Allende meteorite is diamond

(refs. 15,16). There is a disagreement, however, as to the origin of this diamond. Blake et al. (ref.16,
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seealsoreference56)proposedthat"C_ diamondresultsfrom highvelocity grain-graincollisionsbehind
asupernovashockfront in theinterstellarmedium,"whereasLewis et al. (ref. 15) suggested that "part or

all of C_ diamond -- not shock-produced but primary, formed by stellar condensation as a metastable

phase." One of the arguments of Lewis et al. was that diamond is known to be formed in low-pressure
CVD processes, as discussed in the previous section; for example, Mitura (ref. 57) reports on gas-phase
formation of fine-crystalline diamond powders in an RF plasma. Recent near-atmospheric shock-tube
pyrolysis results (ref. 35) may provide additional evidence in support of the "condensation" hypothesis.

As discussed above, soot production in shock-tube pyrolysis of acetylene exhibits a maximum and
then a second rise with the increase in temperature (figs. 1 and 2). This second increase coincides with
"soot formation" from chloroform and carbon tetrachloride (fig. 2). The product obtained in the pyrolysis

of carbon tetrachloride, however, is very different from what is typically known as soot: it looks white

(and hence was termed by us as "white soot", see reference 35); on the transmission electron microscope
(TEM) appears as shapeless particles with the size on the order of a micrometer; electron diffraction shows
a clear single-crystal pattern with an unidentified d-spacing; and the results of the wet oxidation, performed

by Freund and co-workers at NASA-Ames Research Center following the procedures used for C8 analysis
of reference 16, indicate that a sizable fraction of the "white soot" has chemical resistance similar to that of

diamond.

It was proposed (ref. 35) that the mechanism of "white soot" formation is a clustering-type growth.
The formation of the interstellar diamond can be explained as follows. At high temperatures, when the

aromatic ring is thermodynamicly unstable, yet not too high, so that C-C bonds can still exist,
dehydrogenated carbon clusters begin to be formed. Some of them may assume the diamond structure.
As the gas expands and the temperature decreases to the point where acetylene becomes a dominant
gaseous carbon-containing species, the cluster growth switches to an acetylene-addition mechanism, of the
type discussed above, producing amorphous and later sootlike carbon. This would explain the findings of

Blake et al. (ref.16) that "the C_5 diamond is single phase, but surface and interfacial carbon atoms ...

impart an 'amorphous' features to some spectral data." Also, since the nucleation of carbon clusters
should be slow in mostly atomized environment and the time spent by the gas within the favorable

temperature range should be short, the size of the diamond crystallines should be rather small, as indeed

reported in references 15 and 16.

SUMMARY

There appear to be two distinct mechanisms of carbon growth in the gas phase. At high temperatures it
is clustering, which may be responsible for the presence of diamond particles in carbonaceous meteorites.
At lower temperatures the growth follows sequential H-abstraction and acetylene addition. The general

pattern of the two-step reaction sequence, although slightly varying in the specific form it takes, appears to
be remarkably similar in such seemingly different processes as soot production in hydrocarbon
combustion, PAH formation in carbon-rich circumstellar envelopes, and growth of vapor-deposited

diamond and graphite films.
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Figure 1.- Soot yield versus temperature and reaction time in shock-tube pyrolysis of a 4.25% acetylene-

argon mixture at near-atmospheric pressures; the data are from reference 33, Series D.
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Figure 2.- Soot yields versus temperature in shock-tube pyrolysis of acetylene, acetylene-hydrogen, and
carbon tetrachloride argon-diluted mixtures at a reaction time of 0.5 ms; the data are from references

33, 35 and 36.
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Figure 4.- Computed fractional conversion of acetylene carbon to PAH and assumed temperature profile

for a constant-velocity slow wind model: lVl = 1 x 10-SMo/yr; v = 0.05km / s;

T = (1500/K) (r / 1 × 1013cm)-l/2; [C2H2]0 = 0.12%; [H2]0 = 99.88%
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